Magnetic sponges derived from biocompatible and resorbable polymers are promising materials for medical applications. These materials have been utilised extensively in research applications for the capture of biomolecules and cells, the construction of tissue scaolds and in regenerative medicine. The object of this study was a polymer scaold made of polycaprolactone (PCL) containing a 10 wt% amount of nanomagnetite, manufactured in a two-step method. The porosity and morphological parameters were characterised with the use of µ-computer--aided tomography and scanning electron microscopy. Furthermore, the magnetic properties were evaluated. The obtained results conrmed high porosity and the appearance of randomly oriented pores. Moreover, evaluations of the magnetic properties, of both the magnetite nanopowder and the prepared magnetic nanocomposite, were performed. The tests veried the ferromagnetic character of the materials under investigation.
Introduction
Currently, three-dimensional (3D) porous polymer materials are very popular due to their various potential applications in tissue engineering and regenerative medicine [1, 2] . Owing to the ease in controlling the shape of their pores and the pores' size distribution, 3D porous materials constitute perfect scaolds for cell cultures, giving optimal conditions for cell proliferation and dierentiation, both in vitro and in vivo terms.
Additionally, the area of potential applications increases considerably with the possibility of incorporating various llers into the polymer matrix such as: hydroxyapatite (HAp) [3, 4] , β-tricalcium phosphate (β-TCP) [57] , bio-glass [810] and magnetic particles [1] . The addition of the above-mentioned dopes greatly inuences the mechanical, physicochemical and bioactive properties of the fabricated materials.
In particular, magnetic nanoadditives possess very promising characteristics in the eld of polymer modication. Magnetic nanoparticles are widely used in medicine e.g. in cancer therapy (especially in the hyperthermia method), MRI diagnosis and drug targeting [1115] . In addition, polymer foam containing magnetite nanoparticles can serve as a kind of receiver for biological agents (drugs) associated with magnetic particles (implant assisted magnetic drug targeting), or as tissue scaold for biological modication in a way not possible to achieve in other materials [1] . This approach enables the long--term drug delivery process and supports tissue regeneration to be controlled adequately to requirement, even for a long period of time after implantation. Additionally, * corresponding author; e-mail: swietek@agh.edu.pl magnetic implants, due to presence of particles possessing magnetic properties, also enhance and accelerate cell proliferation and bone tissue formation under an applied static magnetic eld [16, 17] .
The aim of our research is to obtain porous nanocomposite foam from a bioresorbable and biocompatible polymer, modied with magnetite nanoparticles. Magnetite nanoparticles are biocompatible and do not constitute a risk to the human body.
There are many known methods of polymer foam production for applications in technology and medicine [18, 19] . However, the generation of polymer foam that contains magnetic nanoparticles is not an easy task due to a key issue, i.e. the appropriate dispersion of nanoparticles throughout the foam. Nanoparticles, especially magnetic ones, exhibit a very high tendency towards agglomeration. 3D porous materials functionalised with magnetic particles are generally obtained by way of immersion in a ferromagnetic liquid [1] with the use of co--precipitation methods [20] , or using a variety of surfactants applied to the surface of the nanoparticles to prevent their agglomeration.
Experimental

Materials
Iron(II,II) oxide (magnetite) nanopowder of grain size below 50 nm, and polycaprolactone (PCL) of average molar masses (M n ) of 45 000, were purchased from Sigma Aldrich Co. Dichloromethane was obtained from POCH. Sodium chloride (NaCl) was sieved using an ultrasonic sieving processor in order to obtain two grain size fractions of 200 and 300 µm that served as a porogen.
Methods 2.2.1. Fabrication of PCL/magnetite scaold
For the preparation of porous foam PCL/magnetite a modied version of the salt leaching method was ap- (891) plied. Salt leaching is a commonly used method for polymer sponge fabrication [2123] . Application of the salt leaching method makes it possible to produce magnetic polymer foam without the introduction of any additional chemical compounds in contrary to the above-mentioned methods e.g. co-precipitation or immersion in ferromagnetic liquid.
Polymer was rst dissolved in dichloromethane, in order to obtain a 10% w/w polymer solution and homogenised continuously for 24 h on a magnetic stirrer. Both fractions of porogen and nanomagnetite powder (10% w/w in relation to the mass of polymer) were mixed together. The blend was thoroughly shaken in order to provide an excellent component mixture. The salt fraction ratio was 1:2 (200 µm : 300 µm). The polymer solution was mixed with a powder composition, put into a template, and left in order to evaporate the dissolvent. Afterwards, the porogen was leached.
Morphology and composition characterization
The morphological characteristics of the obtained materials were acquired with the use of a scanning electron microscope (SEM) equipped with an electron X-ray diraction (EDS) attachment. The chemical composition analysis was performed for selected points during the microscopic observations. The porosity and the parameters of the structure were evaluated by means of X-ray computed tomography (µ-CAT), with the use of a Nanotom S scanner.
Magnetic measurement
For the magnetic properties characterisation, magnetic measurements of the PCL/magnetite sponge were performed. The measurements were carried out at room temperature (300 K) with a Lakeshore VSM magnetometer. The results of the magnetic properties of the polymer foam are presented as mean values of ve independent measurements. 3 . Results Figure 1 represents the SEM micrographs of the obtained polymer sponge and their corresponding EDS analysis. The foam microstructure depicted in the SEM microscopy is characteristic for polymer materials produced by means of the salt leaching technique. SEM evaluation conrmed both the presence of randomly oriented pores and the presence of agglomerates of magnetic nanoparticles in the polymer sponge. Pore size and shape correspond to the respective properties of sodium chloride crystals which were used as the porogen. As shown in the microscopic images, the porosity of the foam is complex. Except the pores which have a shape similar to the shape of the porogen particles, much smaller pores are also visible on the walls of large pores.
EDS analysis conrms the presence of magnetic agglomerates of dierent sizes in a polymer sponge. Different intensity of the bands in EDS spectra, associated with the presence of iron, in the studied samples, indicate the uneven distribution of the magnetic particles and the dierent size of the agglomerates formed by them. Figure 3 lays out the cross-section of the fabricated material. High-resolution µ-CAT is used to analyse the array of microstructural parameters, which could be dicult to obtain by means of other methods, especially in the case of materials produced in the form of a sponge. The µ-CAT results conrm the previous results concerning the magnetic sponge's structure and the appearance of a heterogenic size distribution of the magnetite agglomerates. Fig. 3 . Cross-section of polymer sponge with observable magnetite agglomerates (yellow districts). The measurement-based accumulated curve, presented in Fig. 4 , shows the dependence between the agglomerates' quantity and their size. It is proven that the amount of the large agglomerates in relation to small ones is low. The particle size is inversely proportional to their quantity. The evaluation method of particle size (µ-CAT) was performed at a resolution of 8 µm. However, it can be assumed that within the polymeric sponge there is a signicant quantity of particles forming agglomerates with sizes much smaller than 8 µm. According to the previously presented study on the microstructure of the polymer sponge, this material is characterised by regu- A majority of these parameters is collected in Table I . The thickness of the walls between the pores is proven to be roughly homogeneous in the entire volume of the tested materials, but their surface is not smooth as it is characterised by a diversied topography. Figure 5 shows the magnetic hysteresis of the prepared materials and magnetite nanopowder. The magnetic parameters, including saturation magnetisation M s , coercion H c , and remanence magnetisation M r are presented in Table II . The coercion elds for both nanoaddition and magnetic sponge are very similar and exhibit a small hysteresis loop. Furthermore, similar values of coercions indicate that both samples have the same ferromagnetic and multi-domain character. In these types of structures the most important inuences are connected with mutual, long-range dipoledipole interactions. Saturation magnetisation and remanence magnetisation strictly depend on the density of the particles' agglomerates. This relation is directly proportional the saturation magnetisation and remanence magnetisation increase if the particles are located close to each other. On the other hand, the mentioned parameters tend to decrease when particles are well dispersed in the polymer matrix. The distances between various magnetic agglomerates are high enough to prevent mutual inuences.
Conclusion
During these studies a magnetic polymer sponge was successfully fabricated. The preparation method allowed the achievement of both very high porosity and dispersion of the magnetic particles in the volume of polymer matrix, which was conrmed by µ-CAT and SEM evaluations, and magnetic measurements. Furthermore, porosity and shape of huge pores may be easily controlled by using dierent amounts and a various size distribution of the porogen. Lack of sodium chloride crystals in the magnetic sponge conrms a high level of porogen backwash from the polymer matrix. Additionally, it is proven that the presence of the polymer matrix does not change the magnetic properties of the original nanopowder; both the magnetite nanoadditive and the prepared magnetic sponge have a ferromagnetic, multi-domain character.
